In this work we demonstrate for the first time the use of Förster resonance energy transfer (FRET) as an assay to monitor the dynamics of cross-bridge conformational changes directly in single muscle fibres. The advantage of FRET imaging is its ability to measure distances in the nanometre range, relevant for structural changes in actomyosin cross-bridges. To reach this goal we have used several FRET couples to investigate different locations in the actomyosin complex. We exchanged the native essential light chain of myosin with a recombinant essential light chain labelled with various thiol-reactive chromophores. The second fluorophore of the FRET couple was introduced by three approaches: labelling actin, labelling SH1 cysteine and binding an adenosine triphosphate (ATP) analogue. We characterise FRET in rigor cross-bridges: in this condition muscle fibres are well described by a single FRET population model which allows us to evaluate the true FRET efficiency for a single couple and the consequent donor-acceptor distance. The results obtained are in good agreement with the distances expected from crystallographic data. The FRET characterisation presented herein is essential before moving onto dynamic measurements, as the FRET efficiency differences to be detected in an active muscle fibre are on the order of 10-15% of the FRET efficiencies evaluated here. This means that, to obtain reliable results to monitor the dynamics of cross-bridge conformational changes, we had to fully characterise the system in a steady-state condition, demonstrating firstly the possibility to detect FRET and secondly the viability of the present approach to distinguish small FRET variations.
Introduction
Myosin is a motor protein which converts chemical energy into mechanical work and heat by cyclically interacting with actin filaments in an ATP-dependent manner. Several structural studies converged on the ''lever arm'' model of muscle contraction, where mechanical force is produced by conformational changes in the catalytic domain of the myosin head, followed by rotation of the regulatory domain which acts as a lever arm, capable of amplifying those conformational changes to produce force and movement (Geeves and Holmes 2005) . In addition, the actin-myosin interface is likely to play an active role in force generation, as the attachment mode of myosin to actin changes during the cross-bridge cycle (Ferenczi et al. 2005) .
However, the mechanism of the energy transduction process remains unclear; the conformational changes in the myosin molecule and at the actomyosin interface, the relationship between these structural changes, the ATPase cycle and the strain on the cross-bridges remain to be elucidated.
Various approaches are traditionally followed to study these mechanisms, namely electron microscopy, X-ray crystallography, low-angle X-ray diffraction and spectroscopic studies. Electron microscopy has played a key role in the investigation of muscle contraction, allowing visualisation of the structure and interaction of thick and thin filaments in sections of fixed, stained and embedded tissue (Huxley 1969) . In addition, cryo-electron microscopy allows examination of the structure of frozen, hydrated sections of muscle fibre (Liu et al. 2004; McDowall et al. 1984) . X-ray crystallographic measurements in protein crystals provide the ultimate description of protein complexes at the atomic scale, but require crystals from purified proteins extracted from muscle or from protein fragments expressed in recombinant systems which give a snapshot of a protein state frozen in time (Rayment et al. 1993a, b; Dominguez et al. 1998) . The main limitation of electron microscopy and X-ray crystallography arises from the need to examine non-functional samples. Low-angle X-ray diffraction allows study of living muscle fibres during contraction with high spatial and time resolution, but quantitative analysis of the diffraction pattern requires appropriate mathematical models, and often a unique interpretation is not possible (Dobbie et al. 1998; Koubassova et al. 2008) . Spectroscopic studies of proteins in solution provide dynamic information about structural changes, but the behaviour of these isolated proteins may be different from in their natural, highly ordered context (Thomas 1987; Nyitrai et al. 2000a, b; Sun et al. 2008) .
To investigate these structural changes directly in muscle fibres, we propose to exploit the power of Förster resonance energy transfer (FRET) to measure distances on the nanometre scale, coupled with the capability of confocal optical microscopy to observe the molecular components of muscle fibres in three dimensions without perturbing the system. In solution studies, FRET provides useful information on the global behaviour of active motor proteins (Moss and Trentham 1983; Botts et al. 1984; Ishiwata et al. 1997; Kast et al. 2010) , for example to probe the lever arm hypothesis. In muscle fibres, FRET has the additional advantage that it can be coupled with force measurements, thus providing a novel time-resolved approach to correlate structural changes by means of fluorescence variations with force production.
Here, we investigate the rigor state in single permeabilised skeletal muscle fibres, positioning donor-acceptor pairs at strategic locations in the protein complex to detect myosin head conformational changes. The choice of the following three particular interactions was determined by our interest in the proximal part of the lever arm, which forms an interface with the catalytic domain. The three interaction we have investigated are: (1) between Cys707 on the SH1 helix and Cys180 on the essential light chain (ELC), and interaction of the same ELC locus (2) with the nucleotide binding pocket and (3) with actin ( Fig. 1) . FRET measurements were performed by means of both intensitybased and time-resolved methods. The acceptor photobleaching method (Kenworthy 2001) as well as spectral analysis (Zimmermann 2005) were used. A single FRET population model was applied to describe the muscle system in a rigor state, to evaluate the true FRET efficiency for a single couple and the consequent donor-acceptor distance. Indeed, the measured FRET efficiency estimated from intensity-based measurements depends on the relative donor-acceptor ratio. Lifetime measurements were used as a control on the intensity-based FRET results, as lifetime measurements are independent of fluorophore concentration Fig. 1 Scheme showing the positions labelled to study FRET interactions between the ELC and SH1 helix (FRET couple 1), between the ELC and the nucleotide binding pocket (FRET couple 2) and between the ELC and actin (FRET couple 3). In the diagram (Rayment et al. 1993b) five actin molecules are shown in blue and green; the myosin head S1 presents a further colour-coded segmentation: ELC (yellow), 25-k N-terminal fragment (green), upper 50-k fragment (red), lower 50-k fragment (grey) and 20-k C-terminal fragment (blue) (Becker et al. 2006) . The FRET efficiencies evaluated in these experiments allowed us to build up a distances map which is in agreement with the crystallographic data, thus demonstrating the viability of the present approach as a method for revealing structural features at the cross-bridge level. The capability to distinguish small FRET variations (the theoretical D-A distance is nearly 4 nm for ELC-SH1 interaction and 5 nm for ELC-DEAC-ATP) shows the good sensitivity of the present approach, which will be essential to monitor cross-bridge conformational changes.
FRET model for rigor fibres FRET has been extensively used in many research areas as a ''nanometric ruler'' to investigate protein-protein interactions, to measure distances between two sites on a macromolecule and to follow conformational changes, protein folding and unfolding, etc. (Stryer 1978; Clegg 2002) . Although FRET represents a powerful tool, FRET interpretation is often complicated by uncertainty about donor-acceptor stoichiometry. Different donor and acceptor concentrations affect FRET efficiency, as there may be unpaired donor and acceptor molecules which contribute to the detected intensities; there may be multiple interactions where one single donor molecule interacts with several acceptor molecules, or several donor molecules interact with fewer acceptor molecules. Quantitative analysis is required to distinguish between these various interactions, and to derive the time-averaged donor-acceptor distance and the fraction of interacting molecules from FRET measurements (Neher and Neher 2004) .
Muscle fibres are a well-organised system with specialised molecular motors arranged in precise geometric arrays to maximise performance. This precise organisation simplifies the FRET model. In particular, we can neglect multiple interactions, as cross-bridge formation shows a pitch of 42.9 nm and an axial repeat of 14.3 nm (Squire 1997) , distances which are too large for FRET to occur. Furthermore, we need to consider whether, in mammalian muscle fibre, all the donors that interact with an acceptor are interacting in the very same way, namely at the very same distance and the very same orientation. In many cases this would not be a justifiable assumption; however, in the rigor state studied here we can assume that all the myosin globular heads are tightly attached to actin in a specific conformation, thus forming a single population of FRET pairs (Thomas and Cook 1980) . Still, the contribution of unpaired donor and acceptor molecules to the fluorescent signals needs to be considered, as not all myosins may contain a D-A pair.
The average measured FRET efficiency ( E h i) is linked to the true FRET efficiency of a single interacting couple (E single ) by Eq. 1 if evaluated by detecting donor fluorescence variations, or by Eq. 2 if following acceptor fluorescence variations (Wouters et al. 2001; Gordon et al. 1998 ):
where n D and n A are the number of donor and acceptor molecules in the system, m D = m A is the number of interacting donors/acceptors, and e D and e A are the donor and acceptor extinction coefficients, respectively. It is worth underlining the major assumptions for which these equations are valid: all the interacting molecules are interacting in the very same way (single FRET population), and multiple interactions are neglected. Equation 1 states that, if all the donors are interacting, m D = n D , the measured FRET efficiency is equal to the FRET efficiency of the single FRET couple, and the whole system is behaving as a single couple. However, if a fraction of the donors are not interacting (which is the most likely case), the measured FRET efficiency underestimates the FRET efficiency of interacting pairs. Similar considerations relate to Eq. 2: a further factor (e D /e A ) is needed here to take into account the different excitation wavelengths used to evaluate the measured FRET efficiency (see Appendix for further details). These relations are clearly important for evaluation of the true donor-acceptor distance, which is given by:
The Förster radius R 0 depends on the orientation factor (see ''Materials and methods'': FRET couple characterisation, Eq. 4). In the present study, both the donor and acceptor are assumed to rotate freely in a time that is short compared with the excited-state lifetime of the donor. (Webb et al. 2004; Webb and Corrie 2001) . All other chemicals and reagents were from Sigma-Aldrich, UK.
Materials and methods

Reagents and solutions
Protein labelling
The mutated ELC-180 (Borejdo et al. 2001) was labelled with different thiol-reactive dyes, namely AlexaFluor488 maleimide, AlexaFluor594 maleimide and 5 0 -iodoacetamidofluorescein (5-IAF) (Invitrogen, UK). In all cases, the protein was mixed with the fluorophore at 1:3 M ratio in a solution containing 10 mM K-phosphate, 100 mM KCl, pH 7.1 and incubated at room temperature for 3 h. The reaction was terminated by adding 1 mM 2-mercaptoethane sulphonate sodium (MESNA). The protein was separated from the unreacted dye on a desalting column (GE Healthcare) equilibrated in the exchange solution without TFP and stored at -80°C freeze-dried or in solution. The labelling efficiency was determined by spectrophotometry using the extinction coefficients of the particular dye (AlexaFluor488, e 488 = 71,000 M -1 cm -1 ; AlexaFluor594, e 594 = 73,000 M ), calculating the protein concentration as C ELC = A280-A594/R, where R is the ratio of Alexa594 absorption at 594 and 280 nm, as an example. Typically, 60-80% of the ELC was labelled.
Muscle fibre preparation
Muscle fibres were harvested from adult New Zealand White rabbits, killed in accordance with the Code of Practice for the Humane Killing of Animals under Schedule 1 of the Animals (Scientific Procedures) Act 1986 (UK). Small bundles of muscle fibres were dissected from the psoas muscle and permeabilised as described previously (Thirlwell et al. 1994) . Fibre bundles were stored at -20°C in relaxing solution containing 50% glycerol and used for experiments over a period of up to 8 weeks. Single muscle fibres, 4-5 mm long, were isolated in relaxing solution on a cooled microscope platform. Aluminium T-clips (Photo Fabrication Services Ltd., Cambridge, UK) were crimped onto each end of the fibre (Goldman and Simmons 1994) , allowing the mounting of the fibre on the experimental setup. The fibres were demembranised in relaxing solution containing 1% Triton X-100 and used for ELC exchange immediately after washing with relaxing solution. The single permeabilised fibres were suspended between two hooks in a chamber, with one of the fibre ends attached to a force transducer (AE801 Sensor One Technologies, CA, USA) and the other end attached to a micrometer drive (Mitutoyo). The sarcomere length was adjusted to 2.4 lm using the diffraction pattern generated by illuminating a section of the fibre with a 532-nm laser diode.
ELC exchange
The exchange solution containing 2 mg/ml labelled ELC was injected into the chamber, and the temperature was raised to 37°C for 30 min (Borejdo et al. 2001) . After the incubation, the temperature was lowered to 15°C, the fibre was extensively washed in relaxing solution, and further incubated for 30 min at 15°C in relaxing solution containing 1 mg/ml Troponin C (extracted from rabbit psoas muscle). To estimate the efficiency of ELC exchange, the fibre protein composition was analysed using 8% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). From an isolated ELC used for exchange, a ratio of fluorescence and Coomassie signals was found. Then, from the band corresponding to the ELC in the treated muscle fibre, the proportion of the exchanged ELC was found as the difference between the isolated and the treated fibre ELC staining ratios. Based on these calculations, about 60-70% of the native ELC was exchanged with recombinant protein. The confocal images (see Figs. 2, 3 and Online Resource ESM4) show that the labelling is confined to the A-band. 
SH1 labelling
The single permeabilised fibres were incubated for 15 min in a relaxing solution containing 5 lM AlexaFluor488 maleimide, at 25°C. After the incubation, the fibre was washed several times in relaxing solution to remove free dye from the fibre matrix (Berger et al. 1996; Tanner et al. 1992) . As for the ELC exchange, the efficiency of labelling was estimated by SDS-PAGE. Fluorescent molecules were carried by 80% of SH1. The confocal images (see Figs. 2, 3 and Online Resource ESM4) show that the labelling is confined to the A-band.
Fluorescently labelled nucleotide analogue
The fluorescent ATP analog, 3
, is a substrate for skeletal actomyosin ATPase (for simplicity, the abbreviation DEAC-ATP will be used hereinafter). DEAC-ATP shows rate constants for association and dissociation with myosin S1 that are comparable to those found for ATP. The fluorescent ATP analogy was synthesised as described in Webb et al. 2004 (extinction coefficient 46,800 M -1 cm -1 at 430 nm). The single permeabilised fibres were kept in a rigor solution containing 10 lM DEAC-ATP and no other nucleotide in the absence of BDM. In this solution, the fibre was essentially in rigor, and actomyosin crossbridges formed in the overlap region (García et al. 2007 ). The confocal images show that labelling is confined to the A-band. Lifetime images revealed that the fluorophore is present in two populations: free in solution and bound to the actomyosin complex, with abundance of 40% and 60%, respectively.
Actin labelling
The single permeabilised fibres were incubated for 45 min in relaxing solution containing 5 lM rhodamine phalloidin, at 25°C. After the incubation, the fibre was washed several times in relaxing solution (Prochniewicz-Nakayama et al. 1983) . The confocal images show that labelling is confined to the actin band (see Online Resource ESM5).
FRET imaging
All measurements were carried out on a Leica TCS SP5 upright microscope (Leica Microsystems Ltd, Milton Keynes, UK) equipped with a a frequency-doubled, modelocked Ti:sapphire laser (Spectra-Physics Ltd. model Mai-Tai). An HCX PL APO NA 1.20 water immersion objective was used. The sarcomere length of the fibres was adjusted in relaxing solution to 2.4 lm to maximise myofilament overlap. Next, the relaxing solution was changed first to a pre-rigor solution in which the fibre was incubated for 2 min to reduce [ATP] in the fibre core (BDM reduces rigor tension and maintains sarcomere order) and later with the rigor solution. An average force of 20 kN/m 2 was developed by the fibre, confirming cross-bridge attachment and the rigor state. Fig. 2 An example acceptor photobleaching experiment performed to investigate the SH1-ELC interaction. In this case the images refer to a permeabilised muscle fibre of the rabbit psoas muscle at 20°C. The banding in the sample is characteristic of the regular sarcomeric arrangement of myofilaments in striated muscle. The donor (CHD) and acceptor (CHA) fluorescence intensity is acquired before (pre) and after (post) complete acceptor photobleaching performed in the central square area. Before evaluating the FRET efficiency, images are corrected by background subtraction, and a control on a nonbleached region of equal size is performed. On the right, a map in false colours of the measured FRET efficiencies is shown. In the present experiment, an average measured FRET efficiency of 60% is evaluated (Eq. 6) Eur Biophys J (2011) 40: 13-27 17 To excite the different fluorophores at the optimum excitation wavelength, light at 488, 543, 594, 790 and 850 nm was provided by an argon laser (488 nm), two HeNe lasers (543 and 594 nm) and a Ti:sapphire laser (790 and 850 nm). The donor and acceptor detection channels were chosen to minimise spectral contaminations ( Table 2 ). The excitation power was adjusted for each line to have an average power of 10 lW on the sample. Images were acquired in a format of 512 9 512 pixels with frequency of 400 lines per second (0.78 frame/s).
Emission spectra were acquired for DEAC by collecting fluorescence signal from 400 to 600 nm (10 nm bandwidth), for both Alexa488 and 5-IAF from 500 to 700 nm (10 nm bandwidth), for rhodamine 555-705 nm (10 nm bandwidth) and for Alexa594 605-705 nm (10 nm bandwidth). Images were acquired in a format of 512 9 512 pixels with frequency of 1,000 lines per second to avoid photobleaching during the collection time (1.95 frame/s).
Acceptor photobleaching was achieved by illuminating the acceptor molecules with high excitation power (30 lW on the sample area): 488 nm for IAF (time required for complete bleaching, 1 min), 543 nm for rhodamine (2 min) and 594 nm for Alexa594 (5 min). The differences in bleaching time are due to the different fluorophore photostability. For each FRET couple, control measurements were performed on donor-alone samples to check possible donor photobleaching during the acceptor photobleaching; none of the donors showed significant bleaching. Spectral analysis coupled with the acceptor photobleaching method is shown for SH1-ELC interaction. The emission spectra (exciting the donor molecule, left, and the acceptor molecules, right) have been collected for different extent of photobleaching (Bleach in the figure legend top right) to determine the optimum conditions (in terms of time and excitation power) to achieve complete acceptor photobleaching and therefore maximum donor increase (E in the top left figure legend, is the FRET efficiency evaluated at the different percentage of bleaching). The images below show the intensity collected in subsequent detection channels to acquire the spectrum (exciting the donor molecules, upper row, and the acceptor molecules, lower row)
Fluorescence lifetime imaging (FLIM) was implemented in the time domain using a Becker&Hickl time-correlated single-photon counting (TCSPC) module (SPC-730; Becker and Hickl GmbH, Germany) coupled with the Ti:sapphire laser delivering 120-fs pulses at repetition rate of 80 MHz (Becker 2008). To acquire a lifetime image of 256 9 256 pixels with 256 time bins, an acquisition time of 2 min was typically used.
Characterisation of FRET couples
Excitation and emission spectra were measured on single muscle fibres in rigor conditions to fully characterise the fluorescent properties of both donor and acceptor molecules within the biological environment. For control measurements, fibres labelled with only donor molecules or only acceptor molecules were analysed. Excitation and emission spectra were normalised to represent the probability of excitation and emission, respectively: the integral over the entire spectrum was normalised to a value of 1, and then weighted by the extinction coefficient or the quantum yield, respectively (Online Resource ESM1). Excitation and emission spectral analysis was used to evaluate the experimental Förster radius (R 0 , Eq. 4), the donor-acceptor distance for which 50% FRET efficiency is expected. This parameter fully characterises the FRET couple (Stryer 1978) :
where Q D is the donor quantum yield, j 2 is the orientation factor (equal to 2/3 for freely rotating molecules, Dale et al. 1979) , n is the refractive index and J, the spectral overlap integral, is given by
with F D the donor emission spectrum and k the wavelength. It is important to characterise the fluorophores spectral behaviour in the fibre environment, as this could affect both the excitation and the emission, leading to Förster radius calculations that are very different from the theoretical ones (reported in Table 3 , see also Online Resource ESM1). Furthermore, experimental excitation and emission spectra were critically important to evaluate the spectral contaminations that affect FRET measurements (Chen et al. 2007 ), namely donor emission in the acceptor channel, i.e. donor cross-talk (DCT), and direct excitation of the acceptor by the donor excitation wavelength, i.e. acceptor spectral bleed-through (ASBT) (see also Online Resources ESM2 and ESM3).
FRET methods
Experimentally, the amount of energy transfer can be evaluated by observing fluorescence variations: when FRET occurs, the fluorescence emission of the donor molecule decreases (quenching), and that of the acceptor increases. Many algorithms have been developed to calculate FRET, either by observing quenching of the donor emission or enhancement of the acceptor signal. The method of choice generally depends on the sample characteristics such as structure, morphology and function (Berney and Danuser 2003) . Here, different approaches were used depending on the FRET couple analysed. For SH1-ELC and actin-ELC interactions, as the fluorophores are fixed in precise positions within the muscle fibre, FRET was quantified by observing induced donor fluorescence variations, coupling both acceptor photobleaching method and spectral analysis. By contrast, to characterise DEAC-ATP-ELC interaction, acceptor fluorescence variations Both single-photon (1P) and two-photon (2P) excitation wavelengths were used. Only for DEAC-ATP, a single-photon excitation could not be used as the proper excitation laser line was not available. The reported values are in nanometres. The power output was adjusted for each excitation wavelength to have an average power of 10 lW on the sample The experimental values were evaluated by using the spectra measured directly on single-skinned muscle fibres. The theoretical values were evaluated by using the theoretical spectra (provided by Invitrogen)
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were followed using spectral analysis only. This approach was used because, in the DEAC-ATP-ELC sample, the fluorescently labeled ATP analogue (donor molecule) is present in at least two populations: bound to the actomyosin complex and free in solution. The free population of ATP results in a worse signal-to-noise ratio in the donor acquisition channel, which can mask the small donor fluorescence variations to be observed. Therefore for the DEAC-ATP-ELC couple it was simpler to follow the fluorescence variations in the acceptor channel, a signal which arises from molecules fixed in a precise position (ELC). In all cases, lifetime analysis was performed as an independent control of the single FRET couple efficiency. Indeed, lifetime is not affected by fluorophore concentration, so that the efficiency of FRET for the single couple and the fraction of interacting and non-interacting donors can be determined.
Acceptor photobleaching
For SH1-ELC and actin-ELC interactions, both the donor and the acceptor molecules are bound in precise positions within the muscle fibre. FRET was characterised in steadystate conditions by means of the acceptor photobleaching method. In this method, as shown in Fig. 2 , the steady state is perturbed by photo-destruction of the acceptor molecules; in the absence of acceptor, the intensity of donor fluorescence which has been quenched by the acceptor increases back to its un-quenched level (Kenworthy 2001) .
To quantify the FRET efficiency, the donor fluorescence intensity before, I DA,pre , and after, I DA,post , the complete acceptor photobleaching are compared:
where B DA,pre and B DA,post are the background detected in the donor acquisition channel before and after complete acceptor photobleaching. The present measurements are carried out with particular attention to complete photobleaching of the acceptor to avoid any underestimation of FRET due to partial bleaching. Moreover, to exclude that the observed donor intensity variations are associated with any other processes which are not FRET (for example donor photobleaching during image acquisition, or focus changes), the donor fluorescence intensity was monitored not only in the acceptor photobleaching region but in other parts of the sample where bleaching was not performed. For each FRET couple, control measurements were performed on donor-alone samples to check possible donor photobleaching during the acceptor photobleaching. None of the donors showed significant bleaching (Online Resource ESM4). Furthermore, it is important to couple the acceptor photobleaching method with spectral analysis, as the latter can reveal changes or shifts in the spectral emission properties which can signal the existence of processes other than FRET in the sample (photo-conversion, changes in pH etc.).
Spectral analysis
Spectral analysis was performed for SH1-ELC and actin-ELC interactions to confirm that the fluorescence variations observed in the acceptor photobleaching experiments are associated with FRET and are not caused by other phenomena affecting the spectral properties of the interacting molecules. Emission spectra exciting sequentially the donor molecules and the acceptor molecules were acquired before and after acceptor photobleaching to check that spectral shape changes or wavelength shifts did not occur for either molecule. The fluorescence emission spectrum for the donor (Fig. 3, left) shows two peaks, one centred on the donor emission peak and the second on the acceptor emission peak. The latter in general can be due to several contributions: FRET signal, direct excitation of the acceptor molecules by the donor excitation wavelength (ASBT, acceptor spectral bleed-through) and donor emission in the acceptor emission range of wavelengths (DCT, donor cross-talk). By exciting the acceptor molecules, the characteristic emission of the acceptor is observed (Fig. 3,  right) . After complete photobleaching of the acceptor, the peak corresponding to the acceptor emission disappears, and an increase in the donor emission peak is obtained. Since no wavelength shifts and no shape variations are observed, the donor fluorescence variations are attributed to FRET.
For the DEAC-ATP-ELC couple, a different approach was followed, mainly observing the acceptor fluorescence variations: firstly, a fibre labelled with only the acceptor molecules was characterised in terms of its spectral properties, with particular attention to estimation of the direct acceptor excitation at the donor excitation wavelength (Fig. 4, left panel, orange curve) . Secondly, DEAC-ATP was added to the solution, and consequent fluorescence variations were followed (dark green curve). FRET efficiency is deduced by applying a spectral unmixing algorithm to the fluorescence spectrum of the complex (Zimmermann 2005; Nashmi et al. 2005; Thaler et al. 2005) , which provides an estimate of the apparent donor contribution and of the apparent acceptor contribution (light green and red curves, respectively). Since the red curve represents FRET plus ASBT contributions, and the orange curve represents the ASBT in the very same sample, thus the FRET efficiency can be easily calculated. On the right, a very similar experiment is shown, but in this case, instead of adding DEAC-ATP, free coumarin is added to the solution. The coumarin free in solution does not specifically bind to myosin in the nucleotide binding pocket as occurs for DEAC-ATP, thus providing a control measurement on the detected FRET; as can be observed in this case, the red and orange curves are similar, showing that FRET is not occurring.
Lifetime analysis
The donor fluorescence lifetime in the presence of an acceptor is shortened; therefore, the occurrence of FRET can be measured by monitoring the change in donor lifetime in the presence and absence of the acceptor (Chen et al. 2005 ):
As a result, lifetime-based FRET approaches have significant advantages over intensity-based FRET approaches. As only the donor lifetime is monitored, no DCT or ASBT correction is needed, and stoichiometry information can be gained (Wallrabe and Periasamy 2005) . In addition, the measured FRET efficiency is equal to the true FRET efficiency of a single FRET couple, as lifetime measurements are not affected by concentrations:
In Fig. 5 , a first FRET-FLIM analysis is shown. The photon counts are imaged in Fig. 5a for a donor-acceptor sample and Fig. 5b for a donor-alone sample. FLIM-FRET measurements are optimised in terms of signal-to-noise ratio considering that the sarcomeres in the muscle fibre consist of A-and I-bands: the A-bands contain the myosin molecules, and parts of the actin filaments, while the I-bands contain actin filaments that are not in the filament overlap zone. The signal-to-noise ratio in the lifetime maps is improved by masking off the I-bands (Fig. 5c and Fig. 5d ), thus only photons from the A-band were considered in the analysis. Each pixel within the mask is fitted with a single exponential decay, and the related average lifetime value is imaged in Fig. 5e and Fig. 5f , showing that the donor-acceptor sample presents a shorter lifetime, on average, as is clearly revealed by the lifetime distribution in Fig. 5g .
To evaluate the FRET efficiency, for SH1-ELC interaction, a double exponential fit is carried out for the donoracceptor sample, as both interacting and non-interacting donors contribute to the measured decay function, presenting a fast and a slow lifetime component, respectively (Fig. 6 , left, empty square dots and light grey line). In this case, just one measurement is necessary to evaluate the FRET efficiency as, from the double exponential fit, s D and s DA can be directly extrapolated:
with n D and m D defined as in Eqs. 1 and 2. The donoralone sample was fitted with a single exponential, and the extracted lifetime was used as control on the longer component evaluated for the donor-acceptor sample (Fig. 6 , left, filled black square dots and dark grey line). For DEAC-ATP-ELC interaction, a double exponential fit was necessary in the donor-alone sample as free DEAC-ATP in solution had to be taken into account (Fig. 6 , middle, filled black square dots and dark grey line). The donor-acceptor sample was therefore fitted with a triple exponential fit, assigning the fastest component (s Free ) to the lifetime value of the free DEAC-ATP component obtained from the donor-alone sample (Fig. 6 , middle empty square dots and light grey line):
For the ELC-actin interaction, a single exponential fit was the best fit for both the donor-alone sample and the donor-acceptor sample, demonstrating that FRET was not occurring (Fig. 6, left) .
Results and discussion
All the FRET experiments described herein were performed on rigor muscle fibres: in this condition, most of the myosin heads are attached to actin, with myosin expected to be in an open configuration (Yang et al. 2007 ). The number of attached cross-bridges depends on the extent of the overlap region. At sarcomere length of 2.4 lm, we expect the number of attached heads to exceed 80% (Higuchi et al. 1995) . For the couple DEAC-ATP-ELC, the term ''rigor condition'' is used for simplicity; it is worth underlying that, in the presence of a low concentration (10 lM) of fluorescently labelled ATP in the solution, the fibre remains in a rigor-like state, in particular in an adenosine diphosphate (ADP)-bound state (García et al. 2007 ). The choice of the three FRET couples here analysed is linked to our interest in the ELC C-terminus, which forms an interface with the catalytic domain. For this reason we labelled ELC-180 and observed its interaction with three different regions in the actomyosin complex; we chose to investigate the energy transfer with the ATP analogue and with SH1 to show the capability to distinguish small FRET variations (the theoretical D-A distance is nearly 4 and 5 nm, respectively) and the interaction with actin as negative FRET control (theoretical D-A distance of nearly 10 nm, too large to reveal energy transfer).
For SH1-ELC and actin-ELC interactions, both acceptor photobleaching measurements (Fig. 2 ) and spectral analysis (Fig. 3) were carried out, observing donor fluorescence variations, while for DEAC-ATP-ELC acceptor, fluorescence variations were followed only by spectral analysis (as described in the ''FRET methods'' section; see Fig. 4 ). For all three couples, spectral analysis was essential to ascertain that the observed fluorescence variations were due to FRET and not to other phenomena affecting the spectral properties of the interacting molecules, as clearly shown in Figs. 3 and 4 . The measured FRET efficiencies ( E h i) from intensity-based measurements for the Table 4 . The FRET efficiency values are the average measured FRET efficiencies determined for n fibres per experiment. More specifically, the measured FRET efficiency values for the ELC-SH1 (Table 4 , first row) and ELC-actin (Table 4 , last row) interactions refer to average values obtained by applying the acceptor photobleaching method, while the measured FRET efficiency for the ELC-DEAC-ATP interaction (Table 4 , middle row) refers to the average value obtained by applying spectral analysis and unmixing algorithm (see ''Materials and methods'' section). It is worth noting the small difference between the two measured FRET efficiencies for ELC-SH1 and ELC-DEAC-ATP and the expected zero FRET efficiency evaluated for the ELCactin interaction. The number of donors, n D , and the fraction of interacting donors, m D (or n A and m A , respectively, for the acceptor), reported in Table 4 , were estimated by taking into consideration the percentage of labelling evaluated by SDS-PAGE gel for the different labelled positions (as explained in the ''Materials and methods'' section). For DEAC-ATP, only lifetime analysis was used to evaluate these interacting/non-interacting fractions due to the reversibility of nucleotide binding. From Eqs. 1 and 2 the true FRET efficiencies (Table 4 ) for a single interacting D-A couple (E single ) and the related D-A distances (Eq. 3) were evaluated. Due to the fraction of non-interacting donors, the measured FRET efficiencies in the first two cases are underestimates of the true values. This highlights the importance of assumptions when calculating the donor-acceptor distances. The zero measured FRET efficiency found for the third interaction represents the sensitivity of our measurements (less than 10% on E h i). Direct evaluation of FRET efficiency was achieved from the lifetime measurements; the measured FRET efficiency is equal to the single FRET efficiency (Eq. 8), as lifetime is not affected by concentration. The measured FRET Fig. 6 Lifetime decay curves for the three FRET couples: donoralone samples (filled black square), donor-acceptor samples (empty black square), fit for donor alone (dark grey line) and fit for donoracceptor (light grey line). For DEAC-ATP alone, a double exponential fit was required due to the presence of free fluorophore in solution, and a triple exponential fit when adding the acceptor; for both ELC-SH1 and ELC-actin, a single exponential fit was sufficient for the donor-alone decay curve, with a double exponential fit when adding the acceptor for the ELC-SH1 interaction, and a single again for ELC-actin, confirming the negative FRET control. Bottom panels show the standardised residuals (residuals divided by their estimated standard error) for each fit Table 4 Measured FRET efficiencies ( E h i) evaluated by intensity-based methods (both acceptor photobleaching and spectral analysis gave similar results) efficiencies for the three FRET couples are reported in Table 5 . The values for both m D (m D = m A ) and E single evaluated from the lifetime measurements are in agreement with m D and E single extrapolated from the intensity-based measurements corrected for the unpaired donors. The two approaches, i.e. intensity-and lifetime-based methods, were essential to quantify the FRET efficiency with high accuracy. In particular, lifetime analysis was crucial to confirm the validity of intensity-based measurements, so that the true single FRET efficiency could be established. The measured FRET efficiencies corrected for the number of interactions, m D , lead to values for the true FRET efficiencies and the D-A distances which are in agreement with expectations from the crystallographic data. In particular, from the spectral characterisation of the FRET couples and the consequent evaluation of the experimental Förster radii, it has been possible to predict the theoretical FRET efficiency dependence on the distance for a single FRET pair in the present experimental conditions (Fig. 7) . From the crystallographic knowledge of the myosin head structure in open configuration of the myosin head in a rigor state (Rayment et al. 1993a; Mendelson and Morris 1997; Lorenz et al. 1993) , the expected theoretical donor-acceptor distances were evaluated: For SH1-ELC interaction, the theoretical D-A distance at which the molecules should be found in rigor condition is nearly 38 Å (grey dashed line), while we measured nearly 40 Å ; for the nucleotide binding pocket and the ELC: 51 Å (black dash-dotted line) compared with the experimental distance of 52 Å ; for the actin-ELC interaction, the expectation distance is nearly 95 Å (light grey dots line); experimentally we were not able to observe FRET, as the interaction distance is too large for FRET to occur. This couple indeed was chosen as our negative FRET control. The theoretical expected distances were measured between the attachment points of the fluorophores. Taking into account the dimensions of the fluorophores and their mobility, we estimated the errors in these measurements to be of the order of 2-3 Å .
We discuss here the assumption of freely rotating molecules, which gives a value of 2/3 for the orientation factor.
The orientation factor contributes to the evaluation of the Förster radius, which in turn has implications for the determination of the donor-acceptor distance (see Eqs. 3 and 4). The labelling procedures used for SH1 and actin may lead to loss of degrees of freedom. With regard to SH1 labelling, different groups showed limited anisotropy of fluorophores attached at this location (Ishiwata et al. 1997; Tanner et al. 1992) , which was useful to probe protein rigidity/flexibility. In the case of actin, the phalloidin is located in the cleft of the actin helix, binding two or three monomers at a time, probably conferring more rigidity to the fluorophore (Lorenz et al. 1993) . On the contrary, DEAC-pda-ATP and the ELC-180 labelling exhibit more flexibility: concerning DEAC-pda-ATP, the long (*1 nm) and flexible propylenediamine (pda) linker group places the fluorophore outside the binding pocket, thus conferring flexibility (Garcia et al. 2010; Webb et al. 2004) ; for ELC-180, due to its location in the loops connecting the G and H helices in the C-terminal part of the ELC, we expect the fluorophore to exhibit some degrees of rotation (Borejedo et al. 2001) . Of course anisotropy measurements are required to properly address the polarisation issue and to corroborate such hypothetical arguments. Nonetheless, the good agreement between our results and the crystallographic data suggests that the assumption of j 2 = 2/3 is reasonable.
Another important aspect worth discussing concerns the possibility of inter-head FRET. As each of the two heads of a myosin molecule is probably labelled to similar extent, multiple interactions could occur and should be taken into account in the FRET theory. The measured FRET efficiency in the case of multiple acceptors should be higher than in the case of single interaction (Koushik et al. 2009 ). However, this additional contribution could be masked by the fraction of non-interacting donors, which instead causes an underestimation of the single FRET efficiency. Further investigations are necessary to understand how the second head could affect the measured FRET efficiency. Useful experiments could be performed by introducing a mixture of donor-labelled and acceptor-labelled ELC in the exchanging solution and by verifying the occurrence of FRET. However, the results obtained so far support the assumption that multiple interactions are not occurring.
Certainly, the agreement of the intensity-based FRET evaluations with both the lifetime analysis and the crystallographic expectations demonstrates the viability of the present approach for distinguishing small FRET variations, essential to monitor cross-bridge conformational changes, directly in active fibres.
Conclusions
FRET measurements on single permeabilised muscle fibres in the rigor state from skeletal muscle were performed to investigate molecular interactions at the cross-bridge level. In particular, three donor-acceptor pairs were studied, positioning the fluorophores at strategic locations sensitive to myosin head conformational changes. Specifically, the interactions between Cys180 on the ELC and SH1, the nucleotide binding pocket and actin were characterised. This is the first time that the method presented herein to extrapolate the true FRET efficiency and the related donoracceptor distance has been applied to study single muscle fibres. The analysis resulted in distances in agreement with the theoretical distances obtained from crystallographic data, demonstrating the viability of this new approach to reveal structural features at the cross-bridge level. This characterisation is essential before analysing cross-bridge conformational changes directly in active muscle fibres. In particular, it is crucial to demonstrate the capability of detecting FRET within the muscle fibre environment, and above all the capability of measuring small FRET changes. To this end, we investigated different FRET pairs within the cross-bridge complex. Using the same fluorescently labelled ATP analogue (DEAC-pda-ATP) we recently measured fluorescence lifetime variations as a function of strain (Garcia et al. 2010) , demonstrating that the novel approach of combining simultaneous fluorescence and force records is practicable. The challenging aim of detecting distance variations under strain will be tackled by means of both intensity-based and lifetime analysis, in the first instance by applying cycles of stretch and release to rigor fibres to alter the interaction distance between the fluorophores. In this configuration, the single FRET population model described herein will still be valid. In studies of active muscle fibre, the proposed FRET model will need to be modified to take into account the different states of the cross-bridges during contraction, which, in terms of FRET, leads to consideration of multiple FRET populations and consequently to analysis of multiple distance distributions.
Appendix: single FRET population case
To evaluate the FRET efficiency E from intensity-based measurements, either donor fluorescence variations or acceptor fluorescence variations can be followed. In the former case, the experimental FRET efficiency is measured by comparing the average donor fluorescence intensity detected in the donor acquisition channel in the presence ( I DA h i) and in the absence ( I D h i) of the acceptor (the internal subscript represents the sample: ''D'' for donoralone sample, ''A'' for acceptor-alone sample, ''DA'' for donor-acceptor sample), exciting at the donor excitation wavelength:
In the absence of the acceptor, the intensity detected from an ensemble of n D donors is
where I D,single is the fluorescence intensity detected in the donor acquisition channel which arises from a single donor particle during the acquisition time, and e is the extinction coefficient (the probability of a molecule being excited at that excitation wavelength). If m D interactions are occurring, the fluorescence detected in the donor acquisition channel is now given by
The first term represents the fraction of non-interacting donors, while the second term is the fraction of interacting donors. E single is the energy transfer efficiency for a single FRET couple, which decreases the intensity contribution of the second term. Here, all m D interacting donors are contributing equally to FRET: all FRET couples are at identical distances and orientations, and multiple interactions are neglected (single FRET population hypothesis). Furthermore, Eq. 13 neglects the possible contribution to the fluorescence intensity of the acceptor particles directly excited by the donor excitation wavelength emitting in the donor acquisition channel, which can generally be ignored by judicious choice of fluorophores and excitation.
Substituting Eq. 12 and 13 into Eq. 11, we obtain
Equation 14 is an important relation, as it relates the average measured FRET efficiency to the true efficiency for a single interacting couple: if a fraction of the donors is not interacting (which is most likely the case), the measured FRET efficiency underestimates the true one. Similar considerations are used to evaluate FRET by observing the acceptor fluorescence variations. In this case we take into account two major intensity contributions detected in the acceptor channel which hide the FRET signal (donor excitation, acceptor emission) due to the spectral overlap, namely donor cross-talk (DCT, donors emitting in the acceptor channel), and acceptor spectral bleed-through (ASBT, acceptors directly excited by the donor excitation wavelength). Therefore, if, in a system of n A acceptor particles, m A interactions are occurring (m A = m D ), the fluorescence detected in the acceptor acquisition channel, exciting at the donor excitation wavelength, is given by
where (n D -m A ) represents the fraction of non-interacting donors emitting in the acceptor channel, i.e. DCT, and (n A -m A ) the fraction of acceptors excited by the donor excitation wavelength, i.e. ASBT. If we excite the very same system at the acceptor excitation wavelength:
The measured FRET efficiency in this case is evaluated by comparing the intensity of the acceptor detected exciting the donor molecules, I DA h i D A , corrected for the DCT and ASBT, with the intensity of the acceptor detected exciting at its proper excitation wavelength, I DA h i A A :
Substituting Eqs. 15 and 16 into Eq. 17, we obtain
Like Eq. 14, Eq. 18 is an important relation, as it relates the average measured FRET efficiency with the true efficiency for a single interacting couple.
